INTRODUCTION
Glutamate is the predominant fast excitatory neurotransmitter in the brain (Greenamyre, 1986) . However, it also possesses toxic effects to the nervous system under certain circumstances through a process known as excitotoxicity. During acute insults like status epilepticus, mechanical trauma or ischemia, the concentrations of extra-neuronal glutamate is elevated as a result of cellular leakage or depolarization-induced exocytosis (Lau and Tymianski, 2010) . The raise of the glutamate concentration leads to an intensive activation of ionotropic glutamate receptors [N-Methyl-D-aspartic acid receptor (NMDAR), 2amino-3-(5-methyl-3-oxo-1,2-oxazol-4-yl)propanoic acid receptor (AMPAR) and kainate receptors], causing an excessive calcium influx to the neurons and triggering apoptosis (Szydlowska and Tymianski, 2010) . Yet the precise mechanism of glutamate-induced cell death is still elusive, it is reported that the process involves several pathways including activation of nitric oxide synthase, calcium-sensitive proteases, caspases and mitochondrial damage (Wang and Qin, 2010) . In addition, accumulated evidence have suggested that neuronal apoptosis was also involved in chronic disorders such as Parkinson's disease and Alzheimer's disease (Dong et al., 2009) . Thus, modulating the glutamate-provoked excitotoxicity through pharmacological manipulations or activation of the intrinsic protective mechanisms has a great implication to attenuate neuronal damage during the pathological conditions. Studies over the past decades have identified phosphoinositide 3-kinase (PI3K)/Akt cascade as the central pathway to protect neurons from apoptosis (Dudek et al., 1997) . For example, hypoxia-induced apoptosis in primary hippocampal neurons are blocked by the activation of PI3K/Akt signaling (Yamaguchi et al., 2001 ). Yet the importance of PI3K/Akt pathway in neuroprotection has long been recognized, our understanding on the regulations of these kinases during excitotoxic insults are limited. We have previously identified a novel class of GTPases, the phosphoinositide 3-kinase enhancer (PIKE), which enhances the activity of PI3K/Akt through direct interactions (Ahn et al., 2004 , Rong et al., 2003 , Ye et al., 2000 . There are three isoforms of PIKE (PIKE-L, PIKE-S and PIKE-A) generated from alternative splicing of the gene CENTG1 (Chan and Ye, 2007) . In hippocampal neurons, PIKE-L complexes with Homer and metabotropic glutamate receptor 1 (mGlu 1 ) when the receptor is activated, which is essential for mGlu 1 -dependent PI3K initiation (Rong, Ahn, 2003) . We have further demonstrated that PIKE-L is essential for netrins to execute the cell survival functions (Tang et al., 2008) . PIKE-L also associates with the DNase inhibitor SET and protects it from proteolytic cleavage by asparagine endopeptidase (AEP) during acidosisprovoked neuronal death . Recently, we have generated the PIKE knockout (PIKE −/−) mice and found that PIKE-L is a downstream component of brain derived neurotrophic factor (BDNF) signaling to maintain normal cortical development (Chan et al., 2011d) . It is also a novel interaction partner of AMPAR GluA2 subunit to regulate the receptor trafficking and long-term potentiation formation (Chan et al., 2011a) . However, it remains unexplored if PIKE processes any significant role in protecting the brain cells from apoptosis during excitotoxic insults.
We report here that PIKE −/− mice are hypersensitive to kainic acid (KA)-induced seizure. Moreover, a higher degree of neurodegeneration is observed in PIKE −/− brain after KA injection. Biochemical analysis reveals that the apoptotic pathway is elevated in the absence of PIKE and electrophysiological study shows that PIKE-null neurons are more susceptible to KA-induced Ca 2+ entry, leading to a higher sensitivity to Ca 2+ -provoked apoptosis. Thus, our results demonstrate that the integrity of PIKE signaling is essential for protecting the neurons from excitotoxicity-stimulated damage both in vitro and in vivo.
MATERIALS AND METHODS

Animals
PIKE −/− mice with a targeted deletion of exons 3 to 6 of CENTG1 were generated as previously reported (Chan et al., 2010b) . KA (Sigma-Aldrich, USA) was dissolved in PBS and administrated into the animals (2 to 3-months-old) by intraperitoneal injection. All animal experiments were performed according to the care of experimental animal guidelines from Emory University.
Primary neuron culture
Cortical primary neurons were dissected from E18 embryo and cultured as described (Chan et al., 2011b) . DIV 7 neurons were infected with various adenoviruses as indicated. Two days after infection, the neurons were treated with either PBS or KA (100 μM) for 24 h.
Caspase activities assay
Cell lysates from cultured neurons or whole mouse brain were collected and homogenized in lysis buffer 50 mM Tris, pH 7.4, 40 mM NaCl, 1 mM EDTA, 0.5% Triton X-100, 1.5 mM Na 3 VO 4 , 50 mM NaF, 10 mM sodium pyrophosphate, 10 mM sodium β-glycerophosphate, 1 mM phenylmethylsulfonyl fluoride (PMSF), 5 mg/ml aprotinin, 1 mg/ml leupeptin, and 1 mg/ ml pepstatin A). KA-induced caspases activities in cultured neurons were assayed by Caspase-Glo 3/7 Assay Kit (Promega, USA). Total caspases activity in PIKE −/− brain was determined by CaspACE (Colorimetric) Assay Kit (Promega, USA).
Immunohistochemical staining
Brain tissues were fixed in 4% paraformaldehyde, paraffin embedded and sectioned (8 μm) in standard procedures. After serial rehydration and permeabilization in 0.1% TBST, sections were immunostained using specific antibodies as indicated and counterstained with hematoxylin using Zymed Histostain SP kit (Invitrogen, USA) as previously described (Chan et al., 2010a) .
Recording of hippocampal slices/neurons
Hippocampal slices were prepared as described previously (Woo et al., 2007) . In brief, mice (4-8 weeks old, male) were decapitated after being anaesthetized. Transverse hippocampal slices (400 μm) were prepared using a Vibroslice (Leica VT 1000S) in an ice-cold artificial cerebrospinal fluid (ACSF) containing (in mM): 126 NaCl, 26 NaHCO 3 , 3.0 KCl, 1.2 NaH 2 PO 4 , 2.0 CaCl 2 , 1.0 MgSO 4 , 10 glucose, 0.02 bicuculline or 0.1 picrotoxin. CA1 neurons were visualized with infrared optics using an upright microscope equipped with a ×40 water-immersion lens (Olympus, BX51WI) and infrared-sensitive CCD camera. NMDA-EPSC was determined by subtracting the traces obtained in 100 μM D-L AP5 at + 40 mV from those obtained before. The isolated AMPA-EPSC was measured at −60 mV in the presence of 100 μM D-L AP5. Internal recording solution contained (in mM): 140 CsF, 35 CsOH, 10 HEPES, 2 MgCl 2 , 11 EGTA, 2 TEA, 1 CaCl 2 , 2 Mg-ATP (pH 7.3, 300 mosM) whereas the extracellular solution contained (in mM): 140 NaCl, 0.2 CaCl 2 5.4 KCl, 25 HEPES, 33 glucose, 0.001 TTX (pH 7.4, 320-335 mosM). Whole-cell currents were recorded by ramping the membrane potential from −60 mV to 60 mV at a rate of 50 mV/s in the absence and presence of 200 μM kainate. I-V relations of AMAP receptor-mediated responses were constructed by subtracting I-V curves in the absence of kainate from those obtained in the presence of kainate. Rectification index (RI) was calculated by using the equation RI = [I+40/(40 − E rev )]/[I−60/(−60 − E rev )] where I+40 and I−60 were the amplitudes of kainate-induced currents at +40 and −60 mV, respectively, and E rev was the reversal potential (Iino et al., 1994 , Ozawa et al., 1991 To characterize Ca 2+ permeability of AMPA receptor channels, neurons were recorded in the large nucleated outside-out configuration at room temperature (Sather et al., 1992) . Hippocampal neurons were mechanically isolated in 1 mg/ml papain from CA1 slices of 4-5 weeks old mice as described previously (Wang and MacDonald, 1995) . The intracellular solution was the same as that containing 140 mM CsF; but the extracellular solution contained (in mM) 100 CaCl 2 , 10 glucose, 5 HEPES, and 24 N-methylglucamine (pH7.4). Relative permeability ratios were determined from the E rev recorded in NaC1-free solution using the constant field equation: P Ca /P CS = [Cs + ] i /[Ca 2+ ] 0 exp (EF/RT) [exp (EF/RT) + 1]/ 4 where E is the reversal potential, and F, R, and T have their conventional meaning. P Ca and P Cs represent the permeability coefficients to Ca 2+ and Cs + .
Electroencephalograph (EEG)
Electroencephalograph was performed as described (Martin et al., 2007) . Four stainless-steel electrodes were placed subdurally (1 st electrode: +2.00 anterior to bregma suture and +1.2 from the midline; 2 nd electrode: −1.5 posterior to bregma and +1.2 from the midline; 3 rd electrode: −0.5 posterior to bregma and −2.2 from the midline; and 4 th electrode: −3.5 from bregma and −2.2 from midline) and a pair of fine wires (Cooner AS 632, USA) were inserted in the nuchal muscle for movement detection (EMG). After 7 days of recovery, each animal was placed into a Plexiglas box (15 cm × 15 cm × 15 cm) and was attached to an amplifier (Stellate, Canada) via a small counterbalanced commutator (Dragonfly Research, USA). Amplified ECoG and EMG signals were collected and analyzed with the Stellate Harmonie Software (version 6.1c EN-0, Canada). After 2 hours of baseline recording, the animals were injected with KA (15 mg/Kg) and ECoG and EMG data were collected for 3 hours. The numbers of spike discharges in 5 s samples of ECoG recording at every 5 minute interval over a period of 180 minutes were measured.
Statistical analysis
Results were expressed as mean ± S.E.M. and were considered significant when P<0.05. Statistic analysis of the data was performed using either Student's t-test or two-way ANOVA followed by Bonferroni post-tests by the computer program GraphPad Prism (GraphPad Software, USA).
RESULTS AND DISCUSSIONS
To study the neuroprotective role of PIKE during excitotoxic insults, we exposed wild-type (WT) and PIKE-ablated (PIKE −/−) cortical neurons (DIV 7) to KA (100 μM). KA is a nonselective agonist of AMPAR/kainate receptor, which causes neuronal depolarization and excessive Ca 2+ influx (Murphy et al., 1987, Robinson and Deadwyler, 1981) . It is also a well-known excitotoxic agent to induce neuronal apoptosis when administrated in vivo and in vitro (Filipkowski et al., 1994 , Simonian et al., 1996 . Caspase activity assay revealed that KA stimulation caused cell death in both wild-type and PIKE −/− neurons. However, the extent of apoptosis was significantly higher in PIKE −/− neurons after KA-stimulation, suggesting neurons with PIKE-ablation are more susceptible to KA-induced cell death ( Fig   1A) .
We further examined the isoforms-specific role of PIKE in protecting neuronal apoptosis. We infected PIKE −/− neurons with control adenovirus or adenovirus overexpressing PIKE-L (Ad PIKE-L) or PIKE-A (Ad PIKE-A) and treated the infected cells with KA. As shown in Fig 1B, overexpression of either PIKE isoforms inhibited the basal and KA-induced caspase activities, indicating both PIKE isoforms are indispensable in neuroprotection.
The above in vitro studies, together with our previous findings, supported that PIKE GTPases are crucial for promoting neuronal survival in cultured neurons , Rong, Ahn, 2003 , Tang, Jang, 2008 . However, whether PIKE proteins possess the same protective role against neurotoxic insults in vivo has not been explored. Therefore, we examined the degree of neuronal damage in PIKE −/− brains after KA injection. In basal condition, total caspase activity in PIKE −/− brain was significantly higher (Fig 2A) . The caspase activity in both wild-type and PIKE −/− brains was augmented after KA injection, but the increment in PIKE −/− mice was significantly higher, indicating that PIKE is essential to inhibit caspases activation under basal and neuroexcitotoxic conditions. Immunohistochemical analysis also revealed higher caspase 3 activation in the dentate gyrus of the PIKE −/− brain after KA injection ( Fig 2B, lower panels) . However, no active caspase-3 was detected in the dentate gyrus of both genotypes under basal condition ( Fig  2B, upper panels) . Nevertheless, active caspase 3 could be observed in some cortical neurons in PIKE −/− mice but not in control mice under physiological condition (Fig 2B, upper insets), which may account for the elevated caspase activity shown in Fig 2A. In agreement with the staining, enhanced cleavage of caspase was observed in PIKE −/− brain compared to the control (Fig 2C, lower panel) . Notably, PIKE-L was also cleaved in wildtype brain after KA treatment (Fig 2C, upper panel) , which confirms our previous finding that PIKE is a substrate of caspases during apoptosis (Tang and Ye, 2006) .
In addition to inducing neurodegeneration, KA also elicits seizures in rodents by activating the ionotropic glutamate receptors directly and increasing the release of excitatory amino acids from nerve terminals (Ferkany et al., 1984 , Zaczek et al., 1981 . To further demonstrate that PIKE −/− mice are more vulnerable to KA stimulation, we treated wildtype and PIKE −/− mice with epileptogenic dose of KA intraperitoneally and scored the degrees of induced seizure (1: Immobility, 2: Forelimb and/or tail extension, rigid posture; 3: Repetitive movements, head bobbing; 4: Rearing and falling; 5: Continuous rearing and falling; 6: Severe tonic-clonic seizure) (Zhang et al., 2002) . While 30 mg/kg KA induced abrupt tonic-clonic seizure in both mice group within 10 min (data not shown) and persisted for about an hour, 20 mg/kg KA induced seizure in both genotypes with progressively increased severity. However, PIKE −/− mice showed much higher degree of seizure ( Fig   3A) . Significant statistical difference of the induced seizure was observed 25 min after KA injection and persisted till the end of the experiment. To test if the elevated severity of KAtriggered seizure in PIKE −/− mice was caused by increased neuronal excitability, we studied the electroencephalogram (EEG) patterns in the cortex of PIKE −/− mice after KA injection ( Fig 3B) . Under basal condition, there was no significant difference in the amplitudes of spike wave-discharge between wild-type and PIKE −/− mice (data not shown). After KA (15 mg/kg) injection, the amplitude of spike-wave was increased to a similar extend in both wild-type and PIKE −/− mice. However, the frequency of discharge tripled in PIKE −/− mice ( Fig 3C) . These results indicate that the increased seizure in PIKE −/− mice may be caused by enhanced excitability induced by KA.
We have reported that the PIKE-L is involved in controlling the cell surface expression of AMPAR subunit GluA2 in neurons (Chan, Chen, 2011a) . Among the AMPAR subunits, GluA2 is impermeable to Ca 2+ (Hollmann et al., 1991) . When GluA2 is unable to be recruited into the synapse, the composition of AMPAR at the excitatory synapses may be altered, leading to the formation of Ca 2+ permeable AMPARs through increasing the amount of aberrant receptor complexes composed of GluA1 and GluA3 (Sans et al., 2003) . Moreover, it has been reported that mice without GluA2-containing AMPAR were hypersensitive to KA challenge (Jia et al., 1996) . Indeed, the loss of surface GluA2 is an important contributing factor to neuronal dysfunction and cell death in excitotoxicity (Bell et al., 2009 ). Thus, PIKE −/− neurons might have a higher permeability to Ca 2+ influx after KA stimulation. To test this hypothesis, KA (200 μM)-evoked whole-cell currents from PIKE −/− hippocampal neurons were recorded by ramping the membrane potential from -60 mV to 60 mV at a rate of 50 mV/s (Fig 4A) . Wild-type CA1 pyramidal neurons exhibited little or no rectification, suggesting that most AMPARs in CA1 neurons contained the GluA2 subunit and have a low permeability to Ca 2+ . In contrast, neurons of PIKE −/− mice demonstrated enhanced inward rectification, an effect similar to that observed in neurons lacking the GluA2 subunit (Burnashev et al., 1995 , Jia, Agopyan, 1996 , Jonas et al., 1994 ( Fig 4B) . Rectification index (RI) of PIKE −/− neurons was significantly lower (Fig 4C) , further suggesting an increased Ca 2+ permeability in the absence of PIKE. Nevertheless, the reversal potentials were closed to 0 mV in both PIKE −/− and wild-type neurons.
To further determine the Ca 2+ permeability when PIKE is ablated, neurons were recorded in a large nucleated outside-out configuration (Sather, Dieudonne, 1992) and in Na + free extracellular solution that contained 100 mM Ca 2+ . The I/V curves of kainate-activated currents indicated a higher reversal potentials (E rev ) in PIKE −/− neurons, confirming the increased Ca 2+ permeability in PIKE −/− neurons (Fig. 4A) . Moreover, PIKE −/− neurons has a higher PCa 2+ to PCs + ratio, an indicator of Ca 2+ permeability (Burnashev, Zhou, 1995) , than wild-type neurons (Fig 5B) . Thus, the high Ca 2+ permeability in PIKE −/− neurons may be responsible for their hypersensitivity to KA-induced seizure and cell death.
In this report, we have demonstrated that PIKE GTPases are indispensable components of the defensive mechanism against neurotoxic insults in neurons. We have shown previously that PIKE ablation in neurons results in decreased PI3K/Akt signaling (Chan, Liu, 2011d) .
Since PI3K/Akt is the vital signaling cascade to maintain cell survival, the reduced PI3K activity in PIKE −/− brain thus make the neurons more susceptible to cell death induced by various stimuli. In addition to KA challenge, we have also shown that more cells were committed to apoptosis in PIKE −/− brain after middle cerebral artery occlusion (MCAO)induced stroke, another animal model of glutamate-related excitotoxicity (Matsumoto et al., 1993) . Moreover, we have shown that PIKE-L is critical for controlling the surface expression of GluA2 subunit of AMPA receptor in hippocampal and cortical neurons. Since a reduction of surface GluA2 increases the calcium influx in mouse brain (Jia, Agopyan, 1996 , Sans, Vissel, 2003 , it is reasonable to observe that PIKE −/− brains, where the amount of cell surface GluA2 is reduced, are more permeable to Ca 2+ entry after KA stimulation. Therefore, PIKE GTPases have a dual role in resisting apoptosis: they maintain the PI3K/Akt pathway on one hand and limit the amount of Ca 2+ -permeable AMPA receptor on cell surface on the other hand ( Fig 6) .
What is the upstream factor to initiate the PIKE-dependent defensive mechanism when the neurons are confronted with neurotoxic insults? We have shown that PIKE is a downstream factor of BDNF signaling (Chan, Liu, 2011d) . Given that neurotrophins are prominent factors in preventing neuronal cell death under various devastating injuries like stroke and hypoxia (Almeida et al., 2005) , it is thus reasonable to suggest that BDNF is the upstream activator of PIKE to initiate the neuroprotection. Indeed, studies have reported that BDNF protected glutamate-induced apoptotic cell death in the central nervous system via the PI3K/ Akt pathway (Almeida, Manadas, 2005 , Gratacos et al., 2001 . We have also reported that PIKE-A is a novel insulin receptor (IR) activator during insulin stimulation (Chan et al., 2011c) . We observed a partial insulin resistance in the PIKE −/− brain after insulin injection (i.p.) that insulin triggered less IR activation in the PIKE −/− brain (data not shown). Since PI3K and Akt are the major members of the IR signaling, it is not surprising to find that insulin can protect neuronal apoptosis caused by serum deprivation or AMPAR overactivation via PI3K/Akt Han, 2005, Ryu et al., 1999) . Moreover, insulin has an anti-seizure activity against KA-induced myoclonic twitches and tonic-clonic convulsions (Uysal et al., 1996) . Although further experimental data are needed before a solid conclusion is made, it is tempting to suggest that PIKE may serve as common regulators of BDNF and insulin signaling to execute its protective functions in neurons.
Although BDNF is a prominent neuroprotective factor against KA-induced cell death, it is also a significant contributor to seizure pathogenesis. It has been reported that BDNF heterozygous null mice have a higher threshold for both electrically and chemically induced seizure, suggesting BDNF promotes epileptogenesis (Barton and Shannon, 2005) . The studies in neuronal-specific deletion of TrkB further support the essential role of BDNF in seizure induction as the TrkB −/− mice are resistant to kindling epileptogenesis (He et al., 2004) . Further, transgenic overexpression of BDNF results in spontaneous seizure and enhanced sensitivity to KA-evolved seizures (Croll et al., 1999) . If PIKE is a downstream effector of BDNF to induce spontaneous seizure, the threshold for seizure induction in PIKE ablated animals should be heightened. However, PIKE −/− mice are more vulnerable to KAinduced seizure work, which suggests a discrepant role of BDNF/PIKE signaling in KAinduced neuronal death and epileptogenesis. Further experiments are thus warranted to clarify the precise role of BDNF/PIKE signaling during excitotoxicity-induced apoptosis and seizure.
In all, we have demonstrated that PIKE GTPases are essential components of the intrinsic neuroprotective mechanism against neurotoxic insults in mice, which also provided the in vivo data to support our previous in vitro observations. Thus, maintaining the integrity of PIKE activities is beneficial for preserving neuronal survival under pathological conditions. SUMMARY Phosphoinositide 3-kinase enhancer (PIKE) is a group of novel GTPases that regulate the PI3K/Akt activity through direct interactions. Previous in vitro studies suggest that PIKE are involved in numerous mechanisms to prevent apoptosis in neurons but their roles in intact animal remain unexplored. Here, we show that neurons with PIKE ablation (PIKE −/−) are hypersensitive to neuroexcitotoxic stimulation as higher Ca 2+ permeability and cell death are detected in kainic acid (KA)-treated PIKE −/− neurons. We further examined the neuroprotective role of PIKE in vivo by administrating KA into the knockout animals via intraperitoneal injection. Immunohistological and biochemical analysis reveal that KA injection causes severer neuronal damage in PIKE> −/− brains. The discharge frequency of electroencephalogram is also higher in PIKE −/− mice after KA administration, results in a stronger epileptogenic behavior in the mutant line. Therefore, our data provide compelling evidence on the neuroprotective role of PIKE GTPases in animals that PIKE proteins are essential for protecting against neurotoxic insults. Four days after intraperitoneal injection of saline or 20 mg/kg KA, the brains from wild-type and PIKE −/− mice were collected and the total caspase activities were determined using colorimetric assay (**: P<0.01; ***: P<0.001, Student's t-test, n=4). B. KA injection caused more potent apoptosis in dentate gyrus of PIKE −/− mice. Five days after saline or 20 mg/kg KA challenge, the mouse brains from wild-type or PIKE −/− mice were fixed, sectioned and stained with specific antibody against active caspase 3. Neurons with positive signal were indicated with arrows. Caspase activity was also detected in cortical regions of PIKE −/− animals but not the wild-type control as shown in the box of the corresponding upper panels. Scale bar: 100 μm. Inserts in the upper panels are cortical neurons from the same animal, whereas the inserts in lower panels are magnified view of hippocampal neurons showing positive signals. C. Ablation of PIKE in brain enhanced cell death. Wild-type and PIKE −/− mice were treated with 20 mg/kg KA or saline via intraperitoneal injection. Four days after injection, the mice were scarified and the apoptotic markers in the brain were detected by immunoblotting. Increased apoptotic degradation of caspase 3 was detected in PIKE knockout brain (lower panel). The expression of PIKE was confirmed using anti-PIKE-L Nterminus (PIKE (N)) antibody (top panel).
